Abstract. Histone deacetylase (HDAC) activity is one of the widely used and well-established mechanisms for regulation of various genes in cancer. To identify which subtype of class I HDACs are overexpressed in cancers, we analyzed the expression of class I HDAC isotypes composed of HDAC1, 2, 3 and 8 in several cell lines and human cancer tissues, including cancer of the stomach, esophagus, colon, prostate, breast, ovary, lung, pancreas and thyroid. The results showed that >75% of human cancer tissues and their corresponding non-cancerous epithelium showed high expression of these class I HDACs. However, the immunoreactivity of HDAC8 in both prostatic cancer tissue and non-cancerous prostate glands was lower than that in other cancer tissues. Furthermore, 5-40% of cancer tissues overexpressed class I HDACs, when compared with normal epithelium. The results suggest the potential usefulness of HDAC inhibitors for the treatment of a wide variety of human cancers.
Introduction
Histone acetylation-deacetylation is considered to be the best understood of the post-translational modifications of the core histones, and occurs by the opposing action of histone acetylases (HATs) and histone deacetylases (HDACs) (1) (2) (3) (4) (5) (6) (7) . To date, 18 HDAC enzymes have been identified in humans and divided into three subclasses based on amino acid sequence homology in their catalytic domains (8) . Class I enzymes, which include HDACs 1, 2, 3 and 8, are related to yeast reduced potassium dependency 3 deacetylase and share homology in their catalytic sites (8, 9) . Class I HDACs play an important role in the regulation of cell proliferation (10) and are expressed almost exclusively in the nucleus of most cell types (8, 11) .
Overexpression of class I HDACs have been reported in several cancer tissues, such as stomach (12) (13) (14) , esophagus (15) , colorectal (16, 17) , prostate (18, 19) , breast (21) and lung (22, 23) . However, systematic analysis of expression profiles of class I HDACs in various human cancer tissues has not yet been documented.
Currently, several HDAC inhibitors are in clinical trials, and are showing promising anticancer effects in phase I and II trials. To identify the HDAC inhibitors with specificity for cancer types and for specific HDAC classes or isoforms is of interest, and it is important to consider that HDACs have varying expression patterns in different cell types, as well as diverse functions (24) .
To investigate expression of class I HDACs in cancer tissues, we first confirmed the expression profiles of class I HDACs in 11 major cancer cell lines. Next, we evaluated immunohistochemical nuclear staining of class I HDACs in nine types of carcinoma, including stomach, esophagus, colon, prostate, breast, ovary, lung, pancreas and thyroid.
Materials and methods

Cell lines and Western blot analysis.
The following human cancer cell lines were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA): lung (A549), breast (MCF-7 and MDA-MB-231), ovary (SKOV3), prostate (LNCap, PC-3 and DU145), pancreas (MiaPaCa-2 and PANC-1) and colon (SW480 and SW620). All cell lines were cultured in medium recommended by ATCC, supplemented with 10% fetal bovine serum under standard cell culture condition at 37˚C and 5% CO 2 in a humid environment. Cells were rinsed with ice-cold PBS and lysed in buffer containing 50 mmol/l Tris/HCl, 350 mmol/l NaCl, 0.1% NP40, 5 mmol/l EDTA, 50 mmol/l NaF, 1 mmol/l phenylmethyl-sulfonyl fluoride, 10 μg/ml aprotinin, 10 μg/ml leupeptin, and 1 mmol/l Na 3 VO 4 . Cell lysates were subjected to SDS-PAGE and blotted onto Immobilon membranes (Millipore, Bedford, MA, USA), as described previously (25) . After transfer, blots were incubated with the blocking solution and probed with primary polyclonal antibodies, including anti-HDAC1 antibody (1:25 dilution; Cell Signaling Technology, Danvers, MA, USA), anti-HADC2 antibody (1:1250 dilution; Affinity BioReagents, Golden, CO, USA), anti-HDAC3 antibody (1:500 dilution; Sigma, St. Louis, MO, USA), anti-HDAC8 antibody (1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-ß-actin antibody (1:5000 dilution; Abcam, Cambridge, MA, USA). The protein content was visualized using horseradish peroxidase-conjugated secondary antibodies followed by enhanced chemiluminescence (Amersham, Piscataway, NJ, USA).
Clinical specimens and immunohistochemistry. Surgical specimens from advanced cancer of the stomach, esophagus, colon, prostate, breast, ovaries, lung, pancreas and thyroid were retrieved from the files of the Department of Anatomic Pathology, Kyushu University, Japan, for the period 1995-2005. For each of the nine types of carcinoma, 20 cases were selected from representative formalin-fixed paraffin-embedded materials. Consequently, 180 paraffin-embedded blocks were prepared for immunohistochemistry. Histological characteristics of each type of carcinoma are summarized in Table I . The specimens were immersed in 10% neutral-buffered formalin immediately after surgery, and embedded in paraffin blocks. Blocks containing both carcinoma and the corresponding normal epithelium were chosen for stomach, esophagus, colon and prostate cancer. After deparaffinization of 4-μm-thick sections, inhibition of endogenous peroxidase activity was achieved with methanol containing 3% H 2 O 2 . Tissue sections were boiled in 0.1 M sodium citrate buffer (pH 6.0) in a pressure cooker inside a microwave oven for 40 min, to retrieve the antigen. The slides were incubated at 4˚C overnight, with the same primary polyclonal antibodies as used in Western blotting. The working dilutions were as follows: HDAC1 (1:25), HDAC2 (1:1250), HDAC3 (1:500) and HDAC8 (1:100). The above procedures were followed by staining with a streptavidin/biotin/peroxidase kit (Nichirei, Tokyo, Japan). The sections were then reacted with 3,3-diaminobenzidine as a chromogen, and counterstained with hematoxylin. The localization of HDAC1 and HDAC2 is exclusively nuclear (26) . Although HDAC3 (27) and HDAC8 (28) are mainly localized in the nucleus, but can also localize in the cytoplasm, we evaluated only nuclear immunostaining.
Immunohistochemical evaluation of class I HDACs was subtle, because some degree of heterogeneity of class I HDAC expression was detected, even within some morphologically similar areas of the tumor, as previously described in gastric cancer tissues (13) . Furthermore, there were no significant differences in nuclear staining intensity between cancer tissues and the corresponding normal epithelium in any of the nine types of tumor. We evaluated the extent of nuclear staining on a four-tiered scale (1+, 0-25%; 2+, 26-50%; 3+, 51-75%; 4+, 76-100%). The staining score was evaluated in 10 fields by low-power magnification, and only one stained spot was examined at high power (x400). Each case was scored independently by three pathologists (M.N., O.Y. and S.A.). Samples with a score of 3+ or 4+ were defined as 'HDACpositive'. For negative controls, the slides were treated with non-immune serum rather than primary antibody.
Results
Western blot analysis. All class I HDACs, including HDAC1, 2, 3 and 8, were ubiquitously expressed in all 11 cancer cell lines ( Fig. 1 ). This feature indicates that class I HDACs are expressed in many cancer tissues. Class I HDACs were Table I . Histopathological characteristics of several carcinomas. 
Breast tumors were classified according to the general rules for clinical and phathological records for breast cancer in Japan. Table II . The score for class I HDAC expression in the cancer tissues and normal epithelium was almost equal in four types of cancer, including stomach, esophagus, colon and prostate, therefore, expression of class I HDACs in four types of cancer tissues were compared with that in normal epithelium (Table III) . Immunohistochemical findings in five types of human cancer and four types of normal epithelium are shown in Fig. 2 .
Cancer and non-cancerous epithelium of the stomach.
Immunoreactivity showed expression for HDAC1, HDAC2, HDAC3 and HDAC8 in 17 (85%), 20 (100%), 20 (100%) and 19 (95%) of 20 cases of gastric cancer, respectively ( Fig. 2A) . In addition, HDAC1, HDAC2, HDAC3 and HDAC8 were highly expressed in 17 (85%), 20 (100%), 17 (85%) and 15 (75%) of 20 corresponding samples of noncancerous gastric mucosa, respectively (Fig. 2B) . HDAC1, HDAC2, HDAC3 and HDAC8 was overexpressed more in the cancer tissues than the normal epithelium in 5 (25%), 1 (5%), 6 (30%) and 5 (25%) cases, respectively (Table III) .
Cancer and non-cancerous epithelium of the esophagus.
Immunoreactivity for HDAC1, HDAC2, HDAC3 and HDAC8 was observed in 19 (95%), 20 (100%), 19 (95%) and 18 (90%) of 20 cases of esophageal cancer, respectively (Fig. 2C) . Table II . The number and rate of 'HDAC-positive' cases in each 20 examined carcinomas. 
Percentage values shown in parentheses; C, cancer tissue; N, noncancerous tissue.
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Percentage values shown in parentheses; C, cancer tissue; N, noncancerous tissue. Class I HDAC expression was compared between cancer tissues and normal epithelium. C>N, C=N, C<N mean that class I HDAC expression in the cancer cells was more, equal to or less than that in the normal epithelial cells, respectively. (Fig. 2D) . In the corresponding non-cancerous esophageal epithelium, the expression of class I HDACs was mainly localized at the basal and intermediate layers, whereas no immunostaining was observed in keratinizing superficial layers (Fig. 2D) . HDAC1, HDAC2, HDAC3 and HDAC8 were overexpressed more in the cancer tissues than the normal epithelium in 3 (15%), 5 (25%), 7 (35%) and 6 (30%) cases, respectively (Table III) .
-------------------------------------------------
Cancer and non-cancerous epithelium of the colon.
Immunoreactivity for HDAC1, HDAC2, HDAC3 and HDAC8 was observed in 19 (95%), 20 (100%), 19 (95%) and 17 (85%) of 20 cases of colon cancer, respectively. HDAC1, HDAC2, HDAC3 and HDAC8 was positive in 18 (90%), 20 (100%), 19 (95%) and 18 (90%) of 20 specimens of corresponding non-cancerous colon mucosa, respectively. HDAC1, HDAC2, HDAC3 and HDAC8 were overexpressed more in cancer tissues than in normal colon epithelium in 2 (10%), 0 (0%), 1 (5%) and 4 (20%) cases, respectively (Table III) .
Cancer and non-cancerous epithelium of the prostate.
Immunoreactivity for HDAC1, HDAC2, HDAC3 and HDAC8 was observed in 15 (75%), 20 (100%), 20 (100%) and 7 (35%) of 20 cases of prostate cancer, respectively (Fig. 2E) . HDAC1, HDAC2, HDAC3 and HDAC8 was positive in 17 (85%), 17 (85%), 19 (95%) and 6 (30%) of 20 specimens of non-neoplastic prostate, respectively (Fig. 2F) . Both the epithelial and myoepithelial cells of the prostate equally expressed these class I HDACs. Immunoreactivity for HDAC8 in both cancer tissue (35%) and non-cancerous prostate (30%) was lower than that in other cancer tissues. Generally, overexpression of class I HDACs is observed in hyperplastic glands, whereas atrophic glands show reduced expression. HDAC1, HDAC2, HDAC3 and HDAC8 was overexpressed more in the cancer tissues than the normal epithelium in 6 (30%), 8 (40%), 7 (35%) and 7 (35%) cases, respectively (Table III) .
Breast cancer. Immunoreactivity for HDAC1, HDAC2, HDAC3 and HDAC8 was positive in 17 (85%), 20 (100%), 20 (100%) and 17 (85%) of 20 cases of breast cancer, respectively (Fig. 2G) .
Ovarian cancer. Immunoreactivity for HDAC1, HDAC2, HDAC3 and HDAC8 was observed in 19 (95%), 20 (100%), 16 (80%) and 16 (80%) of 20 cases of ovarian cancer, respectively. There was no significant difference in the expression profiles between histological subtypes. 
Discussion
There have been several reports that the class I HDACs are upregulated in many cancer cell lines and tissues, at both the transcriptional and translational levels. However, systematic analysis of the expression profiles of class I HDACs in human cancer tissues has not been carried out. Overexpression of class I HDACs have been reported in several cancer tissues (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . In gastric cancer, overexpression of HDAC1 (13, 14) and HDAC2 (12) has been investigated and 76% (38/50) of advanced gastric cancer shows a high rate of HDAC2 expression (12) . In breast cancer, overexpression of HDAC1 has been observed in 39.8% (70/176), and HDAC3 in 43.9% (76/173) of patients (21) . In lung cancer, 62% (28/45) of cancer tissues were immunohistochemically stained for HDAC1 in more than 10% of tumor cells (22) . Halkidou et al have assessed HDAC1 immunostaining in prostate cancer, with both a proportion and intensity score (20) . In their study, 100% of the hormone-refractory (14/14) and low-grade prostate (5/5) cancer showed moderate to strong nuclear expression, and benign prostatic hyperplasia showed weak nuclear expression. As for colon cancer, Zhu et al (16) have shown that 82% (47/57) of colon cancer patients overexpress HDAC2.
To evaluate the expression of class I HDAC proteins in several types of human cancer, we first analyzed the expression of class I HDAC isotypes consisting of HDAC1, 2, 3 and 8 in 11 cell lines from six different types of cancer, by Western blotting. Class I HDACs are ubiquitously expressed in many cancer cell lines, and the expression level of class I HDACs seems to be different in each cancer tissue and each class I HDAC.
We next investigated class I HDAC proteins by immunohistochemistry. Although most previous studies have evaluated class I HDACs by intensity of nuclear staining, we evaluated the expression in cancer tissues by the proportion of nuclei stained, because class I HDAC nuclear staining intensity was strong in both cancer tissues and corresponding normal epithelium. In the current study, some degree of heterogeneity of class I HDAC staining was detected in our nine types of cancer tissue, as previously described in gastric cancer tissues (13) . Therefore, we employed conventional evaluation of grossly mounted and immunostained slides, instead of the tissue microarray method.
In the current study, class I HDACs were highly expressed in tissues from stomach, esophagus, colon, breast, ovaries, lung, pancreas and thyroid cancer, but expression of HDAC8 in prostate cancer was definitely lower than that in the other cancer tissues. Waltregny et al found that HDAC8 immunoreactivity was not detected in either normal or malignant epithelial cells in any of 24 prostate cancer tissues (19) . ONCOLOGY REPORTS 18: 769-774, 2007 Considering these results, there is a possibility that HDAC8 expression levels were decreased more in prostate cancer than in other cancers, but the reason for this remains unknown.
In our study, 5-40% of cancer tissues overexpressed class I HDACs, compared with corresponding normal epithelium. These data show lower expression of class I HDACs, in comparison with those of previous investigations. Toh et al have demonstrated that 26.7-40.0% of advanced esophageal cancer tissues express HDAC1 more than does normal mucosa (15) , and our data for advanced esophageal cancer tissues showed a similar result. We consider that there were a lower number of cancer tissues in which class I HDACs were overexpressed more than in normal epithelium, because our immunohistochemical study showed that the expression of class I HDACs was equal in many cancer tissues and their corresponding normal epithelia. However, our data also revealed that there were some cases of class I HDAC overexpression in cancer tissues, and HDAC inhibitors may be effective in these class I-overexpressing cancers.
HDACs are thought to play a key role in carcinogenesis. In many studies, overexpression of class I HDACs has been found in cell lines and human cancer tissues; moreover, there have been also some reports that HDAC mRNA expression is a possible prognostic factor (22, 29) . Therefore, HDAC inhibitors are emerging as a new class of targeted cancer therapeutics. In the current study, class I HDACs were highly expressed in many cancer tissues, but we consider that there are not so many cancer tissues in which class I HDACs are more expressed than the normal epithelium. The activity of class I HDACs is due to histone acetylation status, and HDAC complexes are related to this status (30) , therefore, more detailed study, including the expression status of the HDAC complex, is required to predict the effectiveness of HDAC inhibitors. When HDAC inhibitors are used as anti-cancer agents, adjuvant administration should be conbined to avoid side effects, because in many cancers, class I HDACs are overexpressed in cancer and non-cancerous tissues.
